ABSTRACT
other of the donor strains. Some of these individuals must have been seeded by only a single donor cell (P = 0.1); the frequency of this event was at least 20% (90% confidence) and most likely 50% of the cases. Cell-specific strain markers in myeloid and lymphoid lineages reinforced the likelihood that renewal and differentiation had occurred from a totipotent hematopoietic stem cell. In a smaller WIW group, some hosts were seeded by at most two cells (P = 0.1), and single-cell seeding could not be ruled out. The experiment allows stem cell pedigrees to be examined during the normal developmental progression. In both groups observed here, some mice displayed a regular and complementary rise and fall in proportions of cells of different genotypes, thereby suggesting clonal succession in a hierarchy of stem cell compartments. This transplant system also offers advantages for future experiments on regulated expression in vivo of genes transferred (in vitro) into totipotent hematopoietic stem cells. There is evidence in mammals for the existence of totipotent hematopoietic stem cells (THSC) ancestral to all myeloid and lymphoid blood lineages (1) (2) (3) (4) (5) (6) (7) . These cells, apparently present in fetal liver and postnatal bone marrow D-glucose-6-phosphate ketol-isomerase, EC 5.3.1.9) of the Gpi-Pa/Gpi-Ja electrophoretic type; C57BL/6 and C3H are Gpi-lb/GpiJb. Some congenic C57BL/6 donors had the beige (bg'/bgJ) marker cytologically detectable in neutrophilic granulocytes (10) . Strain-specific variants of immunoglobulin allotypes (Igh-J locus) were used to distinguish Blymphocyte strains.
Recipient fetuses in the other group were from matings between W/+ heterozygotes to obtain the severely anemic WIW type that is ordinarily lethal shortly after birth and is distinguishable by coat color from W/+ and +/+ littermates. One W/+ parent was on the C57BL/6 strain background, except for substitution of Hbbd/Hbbd for Hbbs/ Hbbs; the other was on the WH strain background (Hbbd/ Hbbd; Gpi_1b/GpiJb). With the same mixture of C57BL/6 and BALB/c donor cells as in the first group, the hemoglobin and GPI markers again specifically distinguished RBC derived from the respective donor strains. In one case, an AKR donor was used in place of BALB/c, with the same markers.
Blood Analyses. Blood was collected at intervals from the tail tip or retro-orbital sinus. RBC lysates were electrophoresed to separate hemoglobin variants (11) , and the transparentized gels were densitometrically scanned (5) . GPI in the lysates was electrophoresed in cellulose acetate (12) and stained as described (13) with the addition of 2% agarose, and the variants were estimated visually. Fixed blood smears were stained (14) (Table 1) . As in our earlier studies with a single donor strain (5), engraftment could be classified as "complete" when donor RBC persisted at close to 100% or as "limited" in either extent or duration of replacement. Six of the 11 animals had "complete" replacement, including 4 from the C57BL/6 donor, 1 from BALB/c, and 1 from both; 5 had "limited" replacement, including 2 from C57BL/6, 1 from BALB/c, and 2 from both. The time course in 6 of the WflWf hosts is shown in Fig. 2 .
In our previous experiments, with either fetal liver (5) or adult bone marrow (7) grafts, progressive replacement of donor-type RBC was invariably accompanied by coordinate re- Hematopoiesis in adult irradiated or W-anemic mice has previously been found to be restored from a small number of stem cells in donor bone marrow, as estimated from unique chromosomal markers (2, (16) (17) (18) or clinical cure of the host's anemia by limiting dilutions of cells (19) . Results in the present experiment support the conclusion that only a single stem cell from the small donor inoculum of fetal liver has Fig. 2A ), granulocytes and lymphocytes are also of that strain. (Left) Two neutrophils with giant sudanophilic granules due to the beige marker in the C57BL/6-bg'/bg-donor. (Right) Serum from the host (center well) reacts positively with C57BL/6 allotype-specific antiserum (leftmost well), as does C57BL/6 control serum (upper left well).
become engrafted in some of the fetal hosts, especially in the Wf/Wfgroup; and that it is a THSC from which myeloid and lymphoid lineages have been monoclonally derived.
The experiment thus uniquely enables stem cell pedigrees to be examined in the normal developmental progression within individuals. [Data collected with a similar objective by using X chromosome-linked gene inactivation in heterozygous female mice (20) were later retracted (21) .] In at least six of our animals out of seven containing two or three RBC genotypes for a sufficient period of observation, a complementary rise and fall was seen in the RBC subpopulations, with a periodicity of =20-30 weeks. This occurred either in cells derived from the two donors ( Fig. 2C ; and two cases in WIW hosts, with data not shown), from one donor (C57BL/ 6) and the host (Fig. 2 D and F) , or, in a more complex interrelationship, in all three possible contributors (Fig. 2E) . The complementary nature of the changes indicates physiologically regulated responsiveness. The RBC decline and resurgence and the temporary disappearance and reappearance of a donor strain in one Wf/Wf host (Fig. 2E ) and in two WIW hosts (data not shown) suggest that the stem cell population is hierarchical. The hierarchy appears to consist of an actively proliferating but ephemeral compartment, whose differentiated products are more immediately visible, and a "hidden" reserve compartment. A waxing-and-waning wave of RBC then would represent a clone in the active compartment with a maximum life-span of 20-30 weeks. It then must be replaced from a smaller reserve of slowly dividing, more quiescent, and more long-lived cells that are the hematopoietic founder cells or their lineal descendants.
The hypothesis of clonal succession proposed by Kay (22) numbers of primitive stem cells that are relatively quiescent are sequentially triggered to produce large amplifying clones. The stem cell population is thus heterogeneous, with an "age structure" of gradually decreasing self-renewal capacity and increasing proliferative activity, progressing toward differentiation (23) . Various lines of evidence (reviewed in refs. 21 and 24) lend support to this view.
In our experiments, the cells from fetal liver (4, 5) or adult bone marrow (7) that are successfully engrafted in fetuses are operationally defined as THSC based on their high-renewal and broad-developmental potentials. Heterogeneity among them is indicated by variations in graft duration and by reduced self-renewal of cells from adult marrow relative to fetal liver; yet all are THSC. Those cells with higher renewal potential presumably come from the reserve compartment, and those with lower renewal, from the active compartment. If a normal THSC from the reserve compartment is singly seeded in a deficient fetus, under these demanding physiological circumstances it might realize a much greater renewal potential than ordinarily and supply the entire active compartment, thereby restoring normalcy for a full life-span.
The WIW recipient in Fig. 4B , with all of its RBC from the BALB/c donor from 10 weeks onward, may exemplify imperfections in this arrangement: after repeated episodes of low hematocrit (below 20) at 18-to 24-week intervals, it died at 71 weeks with a hematocrit of 10%.
If somatic transfer of blood genes attains very high efficiency in fetal liver or bone marrow cells in vitro, single-cell engraftment of transformed THSC in mildly defective fetuses such as WflWf would offer an optimal test for developmentally regulated expression in the appropriate lineage.
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